Aging and bone diseases are associated with increased fracture risk. It is therefore pertinent to seek an understanding of the origins of such disease-related deterioration in bone's mechanical properties. The mechanical integrity of bone derives from its hierarchical structure, which in healthy tissue is able to resist complex physiological loading patterns and tolerate damage. Indeed, the mechanisms through which bone derives its mechanical properties make fracture mechanics an ideal framework to study bone's mechanical resistance, where crack-growth resistance curves give a measure of the intrinsic resistance to the initiation of cracks and the extrinsic resistance to the growth of cracks. Recent research on healthy cortical bone has demonstrated how this hierarchical structure can develop intrinsic toughness at the collagen fibril scale mainly through sliding and sacrificial bonding mechanisms that promote plasticity. Furthermore, the bone-matrix structure develops extrinsic toughness at much larger micrometer length-scales, where the structural features are large enough to resist crack growth through crack-tip shielding mechanisms. Although healthy bone tissue can generally resist physiological loading environments, certain conditions such as aging and disease can significantly increase fracture risk. In simple terms, the reduced mechanical integrity originates from alterations to the hierarchical structure. Here, we review how human cortical bone resists fracture in healthy bone and how changes to the bone structure due to aging, osteoporosis, vitamin D deficiency and Paget's disease can affect the mechanical integrity of bone tissue.
Introduction
The greater goals of bone research are to assess the risk of fractures in bone and to prevent their occurrence. Fracture events encompass the initiation and growth of cracks as well as the resulting complete fracture of the tissue. This makes the fracture toughness (that is, resistance to fracture) a critical aspect of bone's mechanical integrity. In healthy tissue, bone's complex structure has evolved to resist physiological forces and can further tune its mechanical resistance through remodeling. However, bone tissue is vulnerable to skeletal aging, environmental conditions and various genetic or metabolic bone diseases that increase fracture risk or affect the mechanical integrity. These diseases include osteoporosis, vitamin D deficiency and Paget's disease of bone (PDB), to name but a few. Thus, it is necessary to understand how such disease alters the bone-matrix structure leading to a higher risk of fracture and how corresponding therapeutic treatments may affect bone's mechanical properties.
Akin to most natural and engineered materials, the mechanical performance of bone derives directly from its structure. Similar to many natural materials, its structure is hierarchical, meaning that there are discrete characteristic structural features at differing length scales ( Figure 1) . The hierarchical structure of human cortical bone spans numerous architectural levels from the individual collagen molecules and mineral platelets at the nanoscale to the whole bone at the macroscale. 1 At the smallest length scales, the key feature is the mineralized collagen fibril. Here, collagen molecules form arrays with a 67-nm offset, where nanoplatelets of hydroxyapatite mineral are embedded within the collagen array and on the surface of the fibril. 2, 3 At this length-scale, the intra-and extra-fibrillar matrix contains non-collagenous proteins (for example, bone sialoprotein, osteopontin, osteonectin), as well as enzymatic and non-enzymatic cross-links. [4] [5] [6] The non-enzymatic cross-links are particularly influential to bone's mechanical integrity in disease states. 7 These cross-links also known as advanced glycation end-products form through a glucose-mediated reaction and may form both intra-and interfibrillar connections. 8, 9 The mineralized collagen fibrils hierarchically assemble into lamellae to form osteons, which are the most prominent motif on the microstructural scale ( Figure 1) . The osteons are cylindrical with a nominal circular cross-section and a central vascular channel called the Haversian canal. At the outer limits of the osteon is a thin border called the cement line, which is considered to be either collagen deficient or highly mineralized relative to the surrounding tissue. 10 Deformation and fracture mechanisms at each level of bone's hierarchical structure contribute to its mechanical integrity, most significantly its strength and toughness. A prime benefit to the hierarchical arrangement is that strength (that is, the resistance to inelastic deformation) and toughness (that is, the resistance to crack growth or fracture) can be generated independently. 11 Indeed, strength originates from intrinsic mechanisms at small length-scales that promote plasticity and determine the inherent resistance of the material to deformation or crack initiation. Intrinsic toughening mechanisms operate ahead of the crack tip to generate resistance to microstructural damage. The most prominent mechanism is that of plastic deformation, which provides a means of blunting the crack tip through the formation of 'plastic' zones. Toughness originates from extrinsic mechanisms at micron length-scales that are large enough to shield the growth of cracks ( Figure 2 ). 12 Extrinsic toughening mechanisms, conversely, operate primarily in the wake of the crack tip to inhibit cracking by 'shielding' the crack from the applied driving force, whereas intrinsic toughening mechanisms are effective in inhibiting both the initiation and the growth of cracks; extrinsic mechanisms, for example, crack bridging, are only effective in inhibiting crack growth.
Human cortical bone generates intrinsic resistance to fracture, similar to other materials at small length-scales where the bonds between the smallest components stretch, deform, slip and/or break. Thus, the intrinsic fracture resistance of bone is generated through plasticity at the level of the mineralized collagen fibril (see Figure 2 ). Here, fibrils stretch during elastic deformation and generate plasticity through intra-and extrafibrillar deformation mechanisms, such as dilatational band formation and/or fibrillar sliding. These fibrillar deformation mechanisms largely involve sacrificial bonds, such as cross-links and non-collagenous proteins that are critical to the generation of mechanical properties. 5, [13] [14] [15] [16] [17] [18] [19] Indeed, studies using animal models with deficiencies in non-collagenous proteins have found significant decreases in fracture toughness and nanoscale damage. 16, 17 An important distinction here is that plasticity, which is the source of bone's ductility, is generated primarily at the fibrillar level rather than solely at the collagen molecule level. 20, 21 The damaged caused by mechanical loading increases fracture resistance but may also trigger bone repair, where micron-scale damage (that is, linear microcracks) severing cellular connections is repaired through normal bone remodeling, and nanoscale damage (that is, diffuse damage) is repaired through a separate, as yet unknown, process. [22] [23] [24] Further studies are required to better understand how each aspect of the complex nanostructure contributes to bone deformation, repair and overall fracture risk in health and disease.
Apart from the generation of plasticity and intrinsic toughness, extrinsic mechanisms can develop the material's resistance to the growth of cracks ( Figure 2 ). Human cortical bone generates extrinsic resistance at the microstructural length-scale where micron-scale mechanisms are activated to resist propagation of micron-scale cracks. 25 As such, the extrinsic resistance of bone shields the crack from the full mechanical driving force. In bone, crack-tip shielding is developed at the level of the osteon primarily through crack bridging and crack deflection mechanisms. Here, as a crack grows through the bone structure, collagen fibers or uncracked regions of bone matrix can remain intact in the crack wake to form 'bridges' that span the crack opening (Figures 3a and b) . These bridges can carry part of the load that would otherwise be used to further extend the crack, thereby lowering the driving force for crack propagation. 26 Crack deflection and twist is Figure 1 Hierarchical structure of human cortical bone. The structure of bone spans numerous length-scales from the macroscopic whole-bone structure to the nanoscale collagen and mineral components. At the microscale, the bone is composed of osteons that are 170-250 mm in diameter. 60 The osteons have a central vascular channel (60-90 mm diameter 60 ), called the Haversian canal, and a highly mineralized outer boundary, called the cement line (o5 mm thickness). 10 In the osteons, each vascular channel is concentrically surrounded by lamellae (2-9 mm thickness). 80 The lamellae, which are composed of bundles of collagen fibrils, have a twisted plywood arrangement, where neighboring lamellae have different fibril orientations. 80 Certain lamellae may be less organized, 81 and it is here that the osteocytes bone cells reside in lacunae (5-10 mm diameter) and interconnect through canaliculi (100-400 nm in diameter). 82, 83 The fibrils (80-100 nm diameter 1 ) are surrounded by polycrystalline extrafibrillar mineral platelets (5 nm thickness, 50-80 nm width and 40-200 nm length 3 ); the extrafibrillar as well as the intrafibrillar matrix may also contain molecular components, such as non-collagenous proteins or cross-links, promoting the formation of sacrificial bonds. 5, 9, 15, 16, 84 In the fibrils, type I collagen molecules (1.5 nm diameter, 300 nm length) and hydroxyapatite nanocrystals (50 nm width, 25 nm height, 1.5-4 nm thickness) form a composite structure, where arrays of collagen molecules staggered at 67 nm are embedded with nanoplatelets of hydroxyapatite mineral. 1 Adapted from Zimmermann et al. and Milovanovic et al. 45, 82 The fracture mechanics of human bone EA Zimmermann et al another extrinsic mechanism occurring when a crack encounters an interface in the bone, such as the highly mineralized cement lines at the outer boundary of the osteons or the modulating mechanical properties of the lamellae (Figures 3c and d) . 27, 28 If the crack deflects and/or twists away from the original crack plane, the driving force can be significantly reduced. Figure 2 Toughening mechanisms in bone. Toughness is a competition between intrinsic and extrinsic toughening mechanisms. The intrinsic mechanisms primarily work ahead of the crack tip to develop plasticity, whereas the extrinsic mechanisms act in the crack wake (that is, after crack extension commences) to resist crack propagation through crack-tip shielding mechanisms. In human cortical bone, the extrinsic toughening mechanisms are primarily developed at large length-scales on the order of 1-100's of microns. Here, the most potent extrinsic toughening mechanisms are crack deflection and twist at cement lines and uncracked ligament bridging; however, collagen fiber bridging and microcracking could also have a role. Intrinsic toughness is developed at small length-scales, less than B1 mm. Here, plasticity is generated through sliding mechanisms between fibrils that are facilitated by sacrificial bonds (for example, non-collagenous proteins, cross-links) within the extrafibrillar matrix. Similarly, plasticity could also be generated within the fibril through deformation mechanisms, such as the formation of dilatational bands, which are also facilitated by sacrificial bonding in the intrafibrillar matrix. Adapted from Launey et al. 85 Figure 3 Crack-briding and crack deflection promote extrinsic toughness. Human cortical bone develops extrinsic toughness on the microstructural scale through (a,b) uncracked ligament bridging and (c,d) crack deflection/twist mechanisms. Using (a) 3-D synchrotron tomography and (b) scanning electron microscopy, uncracked segments of bone (orange arrows) can be observed in the wake of the crack. These uncracked regions of bone tissue, commonly generated by microcracking ahead of the crack tip (red arrows), carry part of the load that would otherwise be used to extend the crack. Similarly, evidence of crack deflection can be viewed (c) on the fracture surface after testing and (d) during a test using the scanning electron microscope. Here, the crack grows from the notch (red arrows). As the crack encounters the interfaces within the bone tissue aligned with the osteons, primarily cement lines, the crack will often deflect or twist (black arrows). Adapted from Zimmermann et al. 20, 45 The fracture mechanics of human bone EA Zimmermann et al Another aspect of the bone structure that should be addressed is the porosity, which in cortical bone exists in the form of vascular canals (that is, Haversian canals) and cellular pores (that is, osteocytes lacunae and canaliculi). From a mechanics perspective, porosity can impact the mechanical properties 29, 30 because it reduces the load bearing area, which effectively causes a higher stress on the material. However, porosity is not the sole determinant of bone fracture risk. [31] [32] [33] [34] Indeed, compositional factors, such as the crosslinking profile, mineralization distribution, or the collagen content, also have a strong correlation with fracture risk. 35, 36 In terms of fracture mechanics, the precise effects of porosity on crack propagation in bone have not been isolated from other aspects of the structure that influence toughness. However, cracks are commonly observed to follow cement lines during fracture mechanics experiments in the presence of normal amounts of bone porosity. 20 The effects of porosity can be corrected by normalizing the applied stress by the bone volume fracture, which is especially critical when comparing the mechanical properties of groups with significantly different porosities. 19, 37 Thus, although bone porosity is not the sole determinant of fracture risk in bone, it should be considered when addressing the mechanical properties of cortical bone.
Because of bone's hierarchical structure, its mechanical behavior originates from plasticity-related intrinsic mechanisms at small length-scales and crack-shielding extrinsic mechanisms at larger length-scales to create strength and toughness, respectively. Bone's intrinsic resistance can be measured by traditional characterization methods through simply a strength test or investigated more deeply through a suite of characterization methods (for example, small-angle X-ray scattering, nanoindentation, or atomic force microscopy) to assess fibrillar-level mechanical properties. Alternatively, cortical bone's intrinsic and extrinsic resistance can be quantified using fracture mechanics principles. In fracture mechanics, the toughness of a material can be measured in terms of the critical value of a parameter, such as the stress intensity K, which characterizes the stress and displacements fields in the vicinity of a crack tip; under nominally linear elastic (small-scale yielding, plane strain) conditions, one such characterizing parameter is a critical value of K known as the plane-strain fracture toughness, K Ic . The fracture toughness, K Ic , is defined as the critical stress intensity at fracture instability; if measured correctly, it strictly characterizes the crack-initiation toughness. However, as bone allows stable crack propagation, a singlevalue toughness, such as K Ic , does not always fully characterize the material behavior. In this case, a crack-growth resistance curve or a R-curve can be used to more faithfully quantify material behavior during crack propagation. With an R-curve, the crack-driving force, defined in terms of K, G or J, is measured as a function of crack extension, Da. Here the stress intensity K is a measure of the amplitude of the elastic stress and displacement fields at the crack tip. Alternatively, the toughness can be measured as a critical value of the strain-energy release rate, G c , defined as the change in potential energy per unit increase in crack area in an elastic solid. If the presence of local plasticity is no longer small enough to be ignored, both approaches can also be expressed in terms of the J-integral, defined as the amplitude of the nonlinear elastic stress and displacement fields at the crack tip and/or as the change in potential energy per unit increase in crack area in a nonlinear elastic solid. Where nominally elastic conditions prevail, J ¼ G ¼ K 2 /E (where E is the appropriate Young's modulus). From the R-curve, the crack-initiation toughness can be measured by extrapolating the toughness to Da-0, whereas the slope of the curve can be taken as a measure of the crack-growth toughness. An example of an R-curve is shown in Figure 4 for bone tested where cracking is perpendicular (that is, transverse orientation) and parallel (that is, longitudinal orientation) to the osteonal bone structure. The positive R-curve slope in both orientations demonstrates rising R-curve behavior stemming from the fact that the extrinsic toughening mechanisms (that is, crack deflection and bridging) increase the bone's toughness as the crack extends. However, the slope of the R-curve in the transverse orientation is significantly larger than in the longitudinal orientation, that is, the bone is easier to split than to break in two. The different R-curve slopes result from the differing extrinsic toughening mechanisms that are active in these two orientations. In the transverse orientation, the mechanism of crack deflection is paramount because once a crack deflects at the cement lines, it is extending in a direction, that is parallel to the osteons and nominally perpendicular to the path of the maximum driving force (for example, the G max or K II ¼ 0 path). Conversely, in the longitudinal orientation, the driving force is nominally parallel to the osteonal orientation as well as the lamellar and cement line interfaces. The preferential formation of microcracks along these interfaces activates the formation of uncracked ligaments across the crack faces, which in turn results in significant crack bridging. As is clear from the R-curves in Figure 4 , crack deflection is a much more potent shielding mechanism than crack bridging in enhancing the toughness of bone, which is why bone is much tougher in the transverse orientation than in the longitudinal direction. 27 Figure 4 Crack-growth resistance behavior in bone. Bone is a damage tolerant material that resists the growth of cracks through its structure. As such, a single value of the toughness at instability does not completely characterize bone's behavior. Instead, the toughness must be assessed as a function of crack extension, which is called a crack-growth resistance-curve or a R-curve. Here, the amplitude of the stress and displacement fields around the crack tip (that is, K, J or G) is measured as the crack stabily extends. With R-curves, the value of the driving force as Da-0 is a measure of the crack-initiation toughness, whereas the slope of the R-curve is a measure of the crack-growth toughness. The R-curves of human cortical bone have a positive slope, which indicates rising R-curve behavior. Essentially, the slope is able to rise because the toughness of the material increases with crack extension. Here, the microstructural extrinsic toughening mechanisms, such as crack deflection and uncracked ligament bridging, become activated with crack extension and toughen the material. In the presence of such extrinsic (shielding) mechanisms, a higher driving force is required for further crack extension. Adapted from Koester et al. and Zimmermann et al. 27, 39, 86 The fracture mechanics of human bone EA Zimmermann et al
As cortical bone is a damage tolerant material, 11 fracture mechanics is an ideal framework to study bone's resistance to crack initiation and growth. Although our understanding of how bone resists fracture is based on experimental evidence from quasi-static loading conditions, physiological fractures occur most often in high strain rate or fatigue conditions. Recent studies have shown that fracture toughness decreases during high strain rate loading because the intrinsic viscous deformation mechanisms at the nanoscale (that is, fibrillar sliding, sacrificial bonding) are restricted. The lower plasticity at the nanoscale also influences the extrinsic crack growth behavior as the heterogeneous structure, which normally interferes with crack growth, appears more mechanically homogeneous. 20, 38 Although more studies are required to understand the fracture resistance of bone under physiological loading conditions, the current understanding of bone's resistance to fracture provides a starting framework to study the effects of aging and disease, where fractures can occur with minimal trauma.
Human cortical bone's complex hierarchical structure generates strength and toughness, respectively, through intrinsic plasticity-based mechanisms at small length-scales and extrinsic crack-shielding mechanisms at larger lengthscales. In healthy bone, the structure is generally able to resist physiological loads and adapt to new loading environments through remodeling. 20, 39 However, disease states put bone at a higher risk of fracture, bending or bowing, all of which can lead to a loss in mechanical integrity. Here, we review how certain prominent bone diseases affect the structural quality of bone, specifically by examining the salient mechanisms that can cause increased fracture risk due to aging, osteoporosis, vitamin D deficiency and Paget's disease.
Aging and Osteoporosis
After reaching peak bone mass in the third or fourth decade in life, both the quantity and quality of the bone tissue in the human skeleton begin to deteriorate. 31, 40 Here bone quality encompasses the composition and distribution of mineral and collagen, the characteristics and structural integrity of each hierarchical length scale (that is, osteon size and distribution), as well as the amount of microdamage present. This agingrelated deterioration in the bone structure has a profound impact on the overall mechanical properties and fracture risk. Currently, fracture risk is mainly measured through dual-energy X-ray absorptiometry (DXA), where the degree of X-rays absorbed by the bone mineral provides a prediction of fracture risk. As the degree of bone mineralization shows a rather narrow range in health and disease, 37,41 standard DXA diagnostics provide a helpful measure of areal bone mineral density, which is based on the present porosity and volume fraction of the bone (that is, bone quantity). In addition, DXA provides valuable information due to its widespread global availability and the existence of large reference populations; however, it is not necessarily an optimal indicator for predicting fracture risk. Indeed, as DXA predominantly assesses the quantity of bone mineral, many unanswered issues remain with respect to the deterioration in the quality of the tissue. Here, we briefly review experimental measurements of the structural and mechanical properties of human cortical bone due to biological aging and recent research concerning the effectiveness of bisphosphonates as a treatment for osteoporosis in human cortical bone.
Aging
Aging is associated with changes to the bone structure at small and large length-scales that deteriorate its strength (that is, intrinsic resistance) and toughness (that is, extrinsic resistance), respectively. [42] [43] [44] [45] [46] The major impact to bone's intrinsic toughness is the marked aging-related increase in non-enzymatic cross-links, which has been correlated to increased fracture risk. [47] [48] [49] [50] Models and experiments measuring fibril deformation have found that cross-links restrict fibrillar sliding. 45, 51, 52 Specifically, using small-angle X-ray scattering experiments, lower levels of fibrillar deformation in aged tissue and threefold higher levels of non-enzymatic cross-linking in comparison with young tissue suggests that the advanced glycation endproduct cross-links are constraining fibrillar deformation (Figures 5a and b) . 45 In synchrotron X-ray scattering experiments, bone's periodic nanoscale structure scatters X-rays, with the fibril's structure scattering X-rays at small angles (SAXS) and the mineral's structure diffracting X-rays at wide angles (WAXD). Mechanical testing of the bone samples during the SAXS/WAXD experiments changes the characteristic periodicity of the nanoscale structure and thus provides a measurement of the strain within the fibril and mineral, as compared with the overall strain in the bone tissue.
Microdamage in the form of diffuse damage or linear microcracks has also been found to accumulate with age, with implications for both bone's intrinsic and extrinsic mechanical resistance. 53, 54 The lower fibrillar deformation in aged bone could account for the higher levels of damage; if the fibril is constrained by cross-links, the deformation must still occur but at a different (generally higher) length-scale. 45 Mechanistically, microdamage will decrease the stiffness and strength of materials. In terms of extrinsic toughness, microcracks have also been reported to result in increased fracture toughness. 26 Indeed, microcracking (that is, damage formation) ahead of the crack tip allows bridge formation and toughens the material. Therefore, an increase in microdamage in aging has consequences for the intrinsic and extrinsic mechanical resistance of bone.
The fracture toughness of bone generally exhibits a steady deterioration with age. [42] [43] [44] Specifically, for crack extensions on the order of millimeters, the crack-growth toughness of young bone is some five times higher compared with aged bone (Figure 5c ). 43, 45 Indeed, aged bone samples have a higher osteonal density compared with young bone, which can be observed using three-dimensional synchrotron computed microtomography on fracture toughness samples (Figures 5d  and e ). The aging-related microstructural changes correlate to lower crack-growth toughness because the size of the uncracked ligament bridges scales with the osteonal spacing. 43, 45 In the development of bridges, microcracks primarily form at, or near, the highly mineralized cement lines; in turn, when the osteons are closer together, the size of the bridges will decrease along with the potency of the bridging toughening mechanism. The fact that the osteonal density scales inversely with the crack-growth toughness has a large role in the fragility of aged bone. 43, 45 Osteoporosis treatments Osteoporosis is associated with increased fracture risk due to changes in bone quality and bone quantity. The literature on osteoporosis-related changes in bone quality lacks studies containing large cohorts of individuals with clinically
The fracture mechanics of human bone EA Zimmermann et al diagnosed osteoporosis and age-matched controls. Therefore, the specific changes in bone quality that differentiate osteoporosis from aging or other factors are not well known and require further investigation. However, the other side of osteoporosis, that is the loss in bone quantity, has been extensively studied and results from a remodeling imbalance where more bone is resorbed than deposited. A common treatment for osteoporosis is a class of drugs called bisphosphonates, which increase bone quantity by inhibiting bone resorption and are associated with reduced fracture risk in osteoporotic patients. Although the vast majority of bisphosphonate-related research concerns trabecular bone, the effect of bisphosphonates on cortical bone is now of interest as well due to the site-specific effects of bisphosphonates and the advent of atypical femoral fractures. [55] [56] [57] Recent studies have highlighted changes to the multi-lengthscale cortical bone structure associated with treatment. Here, we focus on reporting the results from studies investigating human cortical bone, where osteoporosis was diagnosed by osteodensitometry and measurement of the areal bone mineral density with a T-score of o2.5 s.d.s below the reference population signifying osteoporosis as measured by DXA. At small length-scales, bisphosphonates have been shown to increase collagen maturity and lower mineral crystallinity in comparison with osteoporotic cortical tissue. 58 In addition, studies on bisphosphonate-treated and osteoporotic cortical bone have revealed a lower degree of mineralization in femoral mid-cortical cross-sections in comparison with young tissue; 57 however, other researchers found in cylindrical cortico-cancellous bone biopsies obtained during fracture repair that bisphosphonate treatment may lead to more homogeneity in the mineralization pattern of the bone structure. 59 These deviances from young tissue and treatment-naive osteoporosis cases indicate that the quality of the cortical bone structure at small length-scales is altered during bisphosphonate treatment in comparison with the osteoporotic tissue.
At larger length-scales, the reduced cortical porosity, lower number of Haversian systems, larger osteon sizes and fewer mineralized osteocyte lacunae in bisphosphonate-treated cases in comparison with osteoporosis cases may indicate trends toward counterbalancing remodeling defects with bisphosphonate treatment. 57, [60] [61] [62] The larger osteon sizes and lower amount of Haversian systems, in particular, may have implications for crack propagation and the generation of extrinsic toughness in bone. 63 In the future, studies assessing the mechanical implications of bisphosphonate treatment in human cortical bone are needed, as the atypical fractures associated with long-term use have been hypothesized to be related to the accumulation of fatigue damage. 55 Indeed, a recent study by Bajaj et al. 64 with a canine model directly relates bisphosphonates to a deterioration in fatigue resistance.
Summary
We can conclude that, in addition to a loss in bone mass, the increase in fracture risk with aging can be related to a deterioration in the bone structure over multiple length-scales. The combined effects of a higher relative amount of nonenzymatic cross-links at the fibril level and a higher osteon density at the microstructural level reduce the mechanical integrity of aged bone: the cross-links constrain fibrillar plasticity, and the higher osteon density reduces extrinsic toughness during crack extension. 45 Other aspects of the structure, such as the content of non-collagenous proteins, need to be further investigated to understand their changes with aging and osteoporosis, as well as their contribution to bone's mechanical properties. 5, 6 The treatment of osteoporosis with bisphosphonates (for example, zoledronic acid, alendronate, risedronate and ibandronate) may serve as an effective treatment strategy to reduce vertebral and non-vertebral fractures in post-menopausal osteoporosis. 65 However, the specific effect of bisphosphonates on cortical bone's mechanical quality is still a topic of debate. Here, bisphosphonates' ability to suppress bone turnover puts the tissue at risk of developing potentially mechanistically unfavorable bone structure characteristics (for example, premature aging of the bone tissue, accumulation of damage and homogenization of mineralization 63 ). However, experimental studies characterizing the structure of bisphosphonate-treated human cortical bone have found improvements underpinning the general effectiveness of antiresorptive treatments. 57, 60 A major limitation of the studies in the literature addressing cortical bone quality in aging and osteoporosis though is the low sample sizes. Future studies characterizing the structure and mechanical properties of clinically diagnosed osteoporosis tissue using age-matched controls are still required to understand the effects of osteoporosis and bisphosphonates on the structure and mechanical properties of cortical bone.
Vitamin D Deficiency
Vitamin D has an essential role in bone mineral homeostasis, where it aids the absorption of calcium and phosphate. It is synthesized in the skin as a result of sun exposure but can also be absorbed through food or vitamin supplements. Vitamin D deficiency has become a concern in certain countries, as a severe lack of vitamin D can lead to a clinical diagnosis of rickets or osteomalacia resulting in bone pain and a higher risk of fracture. 66, 67 Clinically, the disease is assessed through low serum 25(OH)D 3 concentrations and/or high levels of unmineralized bone mass assessed through laboratory tests or a bone biopsy, respectively. Here, we briefly review the effects of vitamin D deficiency on the structure and mechanical properties of human cortical bone identified through the use of high spatial resolution techniques.
The typical characteristic of vitamin D-deficient bone is a higher amount of unmineralized bone matrix, called osteoid (Figures 6a and b) . However, the quality of the remaining mineralized bone mass, which is mechanically relevant, is also of interest. In the mineralized bone of vitamin D-deficient individuals, a higher degree of mineralization, cross-link ratio (that is, mature to immature enzymatic cross-links) and carbonate-to-phosphate ratio were measured, all of which indicate an apparently higher tissue age in the vitamin D-deficient samples (Figure 6c-f ). 68 As a significantly greater amount of bone surfaces is covered with osteoid in vitamin D-deficient individuals, the age of the mineralized bone tissue increases because the osteoid-covered bone surfaces prevent tissue resorption. 69 Mechanistically, the changes in bone quality associated with vitamin D deficiency have a measurable effect on the toughness
The fracture mechanics of human bone EA Zimmermann et al Figure 5 Aging-related changes to bone toughness. Aging of human cortical bone affects its mechanical properties at small and large length-scales. (a) In situ small-angle X-ray scattering measurements have shown that the fibrils in aged bone deform less during mechanical tensile tests, which indicates changes in the intrinsic toughness. (b) Indeed, the aged bone has a significantly higher amount of non-enzymatic cross-links. These cross-links, which form between collagen molecules and between fibrils, could constrain deformation in the aged fibrils and reduce plasticity through fibrillar sliding. (c) The aging-related deterioration in mechanical properties is also clear in fracture toughness crackgrowth resistance curves. Here, decreases in the crack initiation toughness as well as the crack-growth toughness are evident with aging. Extrinsically, the decrease in the crackgrowth toughness stems from the higher osteon density in aged tissue. Using 3-D synchrotron micro-computed tomography on fracture toughness samples after testing of (d) young (34-41 years) and (e) aged (85-99 years) human cortical bone, the higher osteon density and lack of uncracked ligament bridges are evident in the aged tissue. Haversian canals (green) are visible as well as the growing crack (yellow) extending from the notch (white arrow). Uncracked regions spanning the crack wake are found in young bone (orange arrows) but are less apparent and smaller in aged bone. As the osteon density is higher in the aged tissue, the crack bridges will be smaller and closer together causing a lower resistance to crack growth. Adapted from Nalla et al. and Zimmermann et al. 43, 45 The fracture mechanics of human bone EA Zimmermann et al (Figure 7a) . In our study, the vitamin D-deficient tissue had a 22% decrease in initiation toughness in comparison with the healthy bone, which can be linked to the increase in tissue age of the bone matrix. The vitamin D-deficient tissue also exhibited a 31% decrease in growth toughness in comparison with healthy tissue. 68 This reduction in extrinsic toughness in the vitamin D-deficient tissue was associated with a straighter crack path with fewer crack bridges (Figures 7b and c) .
Summary
Vitamin D deficiency causes an imbalance in bone calcium homeostasis, which creates a scenario where mineralized tissue is trapped within an osteoid frame. The trapped tissue cannot be resorbed and takes on the characteristics of aged tissue with a decrease in bone quality. Therefore, the unmineralized osteoid traps the mineralized tissue, leading to premature aging and a decreased fracture resistance, which in turn can reduce toughness, in part by inhibiting deflected crack paths. 68 Vitamin D deficiency can clearly have a significant impact on the mechanical integrity and toughness of human cortical bone.
Paget's Disease of Bone (PDB)
PDB is the second most common bone disease after osteoporosis, generally occurring in individuals over the age of 50 years. 70, 71 Paget's disease affects localized skeletal sites, most often the pelvis, spine, femur or tibia. 70, 71 The disease is most often diagnosed through X-rays, by the bone's strikingly high increase in bone volume due to high levels of bone turnover. 71 Individuals with Paget's disease commonly suffer from bone enlargement, bowing/deformity and pain. Incomplete fractures, The fracture mechanics of human bone EA Zimmermann et al termed pseudo or fissure fractures, can be found at sites with severe bowing and deformity. 72 Thus, Paget's disease clearly compromises the mechanical integrity of bone tissue. However, despite the bowing and cracking, the overall fracture risk to patients is low, and fracture events at pathological skeletal sites are uncommon (occurring in B2% of patients). 73, 74 For Paget's disease to produce the marked changes in bone's mechanical integrity (that is, bowing and deformities) at the macroscale, the disease must be changing the bone structure and in turn the mechanical mechanisms through which the bone resists deformation and fracture. Indeed, the overall mineral content is significantly lower in Paget's disease, which has also a greater heterogeneity of mineralized bone packets (Figure 8a-c) . These compositional changes in the tissue are related to bone's intrinsic resistance, which governs the overall stiffness and hardness. The diseased tissue has a significantly lower stiffness and hardness, that is, more plasticity (Figures 8d and e ), as measured through nanoindentation. Thus, the compositional changes in the diseased tissue resulting in a lower mineralization affect both the elastic (that is, stretching of bonds generating stiffness) and the plastic (that is, permanent deformation promoting ductility and energy The fracture mechanics of human bone EA Zimmermann et al absorption) mechanical properties, resulting in a lower stiffness and more plasticity. 37 Paget's disease also affects the higher level structural organization in bone. In cortical regions, instead of the structural patterns characteristic of healthy tissue (that is, parallel aligned Haversian canals), the pathological tissue is a patchwork of lamellar and woven bone, with less organized collagen fiber orientation. 75 Interestingly, fracture toughness measurements on healthy and diseased tissue from the iliac crest show little difference in toughness (Figure 9a) ; however, the mechanism for resisting crack propagation changes. 37 Despite the limited number of toughness samples restricting statistical comparisons, there was still clear evidence of higher fracture toughness in the transversely oriented control and PDB bone samples, in comparison with the longitudinally oriented bone, which has a comparatively weak resistance to crack growth. 27 Indeed, the healthy (control) bone resists crack propagation and derives toughness in the usual way through crack deflection mechanisms (Figure 9b ). 27 Conversely, human iliac crest bone from patients with Paget's disease exhibits a straighter crack path (Figure 9c ). In these diseased cases, the straighter crack path arises due to the disorganized microstructure, which cannot effectively deflect cracks. Although the ability for the diseased tissue to generate extrinsic toughening is severely degraded, the bone structure compensates through a more pronounced mechanical resistance through plastic deformation, that is, Paget's diseased bone shows higher ductility (intrinsic toughness). 37 Indeed, the Paget's tissue has a lower mineralization and a correspondingly lower hardness, which both indicate that the tissue has the capacity for higher levels of plasticity similar to other tissues with low mineralization levels and significant plastic deformation. 76, 77 Thus, although toughness is generated through crack deflection in healthy bone (extrinsic toughening), the diseased tissue may generate toughness primarily through intrinsic plasticity mechanisms that absorb energy during deformation and fracture. However, further studies on the fracture toughness in bowed/deformed long bones would add further detail on the mechanisms affecting the resistance to fracture in PDB.
Treatment of PDB
Paget's disease is primarily treated with anti-resorptive agents, such as bisphosphonates. Anti-resorptive treatments act by suppressing bone remodeling. In individuals treated for PDB, anti-resorptive agents have been shown to normalize the serum alkaline phosphatase levels, which is a marker of bone formation. 78 In addition, in many cases significant improvements in osteolytic lesions are visible radiologically, and histomorphometric values return to normal with the formation of lamellar bone. 79 
Summary
Characterizing the multi-scale structure and mechanical properties in Paget's disease provides a basis for explaining some of the clinical symptoms and the overall mechanical integrity of the diseased bone tissue. In particular, the lower The fracture mechanics of human bone EA Zimmermann et al mineral content of the diseased tissue with a corresponding lower stiffness and lower resistance to deformation could directly account for the occurrence of harmful bowing and deformities in affected skeletal sites. In addition, the presence of subcritical (that is, stable) cracks, so called fissure fractures, in Paget's disease most likely occur due to the extreme deformations associated with the deformities/bowing in long bones. However, the fact that these fractures remain in the tissue and do not cause complete bone failure is in line with the same propensity for the altered structure to resist crack growth through plastic deformation. Indeed, the structural changes associated with Paget's disease provide an interesting view into the interplay and connections between intrinsic toughening mechanisms at small length-scales, which are primarily plasticity related, and extrinsic toughening at larger length-scales, which primarily shield the growing crack.
Concluding Remarks
Fracture-mechanics-based toughness measurements provide a valuable framework for assessing the mechanical integrity of human cortical bone. The bone is able to generate substantial strength and toughness through the hierarchical assembly of two components with very different mechanical properties: The control samples exhibited crack deflection, which is known to extrinsically increase the toughness in bone. (c) However, the diseased bone displayed much straighter crack paths. As the diseased bone did not exhibit much crack deflection, we believe that the comparable toughness in the Paget's diseased bone is derived from the increase in plasticity and possibly due to its lower mineralization, which is consistent with the occurrence of stable fractures found in clinical cases. Adapted from Zimmermann et al. 37 The fracture mechanics of human bone EA Zimmermann et al ductile collagen molecules and brittle nanoplatelets of hydroxyapatite mineral. Here, deformation mechanisms at the smallest length-scales generate bone's intrinsic resistance (that is, strength and crack-initiation toughness) mainly through plasticity provided by sliding mechanisms at the fibrillar level. At larger length-scales, the bone structure generates extrinsic toughness (that is, crack-growth toughness) through crack-tip shielding mechanisms, such as crack deflection, principally at cement lines, and uncracked ligament bridging.
The intrinsic and extrinsic toughening mechanisms work in concert to resist the initiation and propagation of cracks in healthy cortical tissue. Assessing fracture risk and preventing fractures are critical issues in bone health. Many factors affect the fracture toughness of human cortical bone, which can become more prone to fracture due to aging, disease or other environmental conditions (for example, vitamin deficiencies or irradiation). The fracture risk or mechanical integrity of bone changes because aging, disease or other factors affect the bone structure at multiple length-scales, which in turn affects the potency of the intrinsic and extrinsic toughening mechanisms. We have reviewed here recent studies to investigate the effects of aging, vitamin D deficiency and PDB on the fracture toughness of human cortical bone. In many cases, changes to the mineralization or cross-linking profile at small length-scales directly affect the level of plasticity (that is, intrinsic toughness), whereas changes to the distribution or character of the osteons at the microstructural scale affect the bone's ability to resist the growth of cracks (that is, extrinsic toughness). Studying these disease conditions aids further progress in the diagnosis, prevention and treatment of diseases that increase the fracture risk or affect the mechanical integrity of human cortical bone.
